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ABSTRACT 
 
Magnetic and magnetoelastic properties of a series of M-substituted cobalt ferrites, 
CoMxFe2-xO4 (M=Mn, Cr, Ga; x=0.0 to 0.8) and Ge-substituted cobalt ferrites     
Co1+xGexFe2-2xO4 (x=0.0 to 0.6) have been investigated. The Curie temperature TC and 
hysteresis properties were found to vary with substitution content x, which indicates that 
exchange and anisotropy energies changed as a result of substitution of those cations for Fe. 
The maximum magnitude of magnetostriction decreased monotonically with increase in 
substitution contents x over the range x=0.0 to 0.8. However, the rate in change of 
magnetostriction with applied magnetic field (dλ/dH) showed a maximum value of 5.7 × 10-9 
A-1m at x = 0.1 Ge sample, which is the highest value among recently reported cobalt ferrite 
based materials. The slope of magnetostriction with applied field dλ/dH is one of the most 
important properties for stress sensor applications because it determines the sensitivity of 
magnetic induction to stress (dB/dσ). The results of Ga- and Ge-substituted cobalt ferrite 
were compared with those of Mn- and Cr-substituted cobalt ferrites, and it was found that the 
effect of the substituted contents x on magnetic and magnetoelastic properties was dependent 
on the ionic distribution between two possible interstice sites within the spinel structure: 
Mn3+ and Cr3+ prefer the octahedral sites, whereas Ga3+ and Ge4+ prefer the tetrahedral sites. 
Temperature dependence of the absolute magnitude of the magnetic anisotropy constant 
⏐K1⏐ of Ga-substituted cobalt ferrites CoGaxFe2-xO4 (x=0.0 to 0.8) was investigated based on 
the law of approach to saturation and the results were compared with those of 
magnetostriction measured at the same temperatures. Based on the results, it was considered 
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that there was a change in sign of K1 around 200 K for Ga-substituted cobalt ferrites. 
Comparison of the results between Ga- and Ge-substituted cobalt ferrites showed that 
substitution of Ge4+ ions for Fe made more pronounced effects on magnetic and 
magnetoelastic properties at room temperature than that of Ga3+ ions. Especially the 
enhanced value in dλ/dH by Ge-substitution suggests that adjusting Ge content substituted 
into cobalt ferrite can be a promising route for controlling critical magnetic properties of the 
material for practical sensor applications. 
 
 
 
 
 
 
 
 
 
 
 1
INTRODUCTION 
 
In this study, the magnetic and magnetoelastic properties of some partially substituted 
cobalt ferrite materials (CoMnxFe2-xO4, CoCrxFe2-xO4, CoGaxFe2-xO4, Co1+xGexFe2-2xO4; x = 
0.0 - 0.8) have been investigated. The main objective of this study was to increase the 
sensitivity of magnetostriction to applied magnetic field (dλ/dH), which is a critical issue in 
magnetomechanical sensor applications, and eventually to understand the mechanisms of 
how the magnetoelastic behaviors are inter-related with magnetic exchange interaction and 
magnetic anisotropy, both of which are expected to be adjusted by the substitutions of some 
cations in the cobalt ferrite based materials. 
The crystal structure of cobalt ferrite is cubic spinel structure, whose unit cell 
contains 8 Co2+, 16 Fe3+, and 32 O2- ions, the chemical formula being CoFe2O4. The oxygen 
ions form close-packed face centered cubic structure, which makes 64 tetrahedral and 32 
octahedral lattice sites per unit cell. Co and Fe ions may occupy one of these two kinds of 
lattice sites and the magnetic properties vary with the distribution of cations. Especially, 
compared with other type of ferrite materials, high magnitudes of magnetic anisotropy and 
magnetostriction observed for cobalt ferrite were known to be caused by the Co2+ ions 
located in the octahedral sites (Table I and II) [1]. With respect to this, substitution of some 
cations for Co or Fe ions in the cobalt ferrite spinel structure was expected to show some 
interesting change in magnetic properties depending on the composition because both the 
magnetic exchange interaction and the anisotropy should be changed by cation substitution. 
For exchange interaction, which originates from the indirect coupling through oxygen ions in 
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spinel structure, according to the Heisenberg exchange interaction energy (see section 2.1.1) 
the magnitude and sign are determined by the magnetic moments of the cations and their 
relative distance and angle, all of which can be adjusted by cation substitution. For magnetic 
anisotropy, which is determined by orbital magnetic moments, and their interactions with 
spin magnetic moments (spin-orbit coupling) and lattice (orbit-lattice interaction), ionic 
distribution in the lattice should be a major factor that determines the anisotropy. Therefore 
the magnetoelastic properties, which should be closely inter-related with exchange 
interaction and magnetic anisotropy, are also expected to change as a result of cation 
substitution. 
Substitution of transition elements for Fe3+ ions in magnetite (Fe3O4) has been tried 
for a long time. Barth and Posniak [2] first proposed the inverse spinel structure in ferrites in 
1932, in which half of the trivalent ions occupy the tetrahedral sites and the remaining 
trivalent ions plus the divalent ions occupy the octahedral sites whereas all the trivalent ions 
occupy octahedral sites in normal spinel structure. Since then the magnetic structures of 
various ferrites have been discovered; Zn and Cd ferrites were identified to have normal 
spinel structure, whereas Mn, Fe, Co, Mg, Cu, and Ni ferrites have inverse spinel structure 
[3]. Developments in various techniques, such as neutron diffraction and ferromagnetic 
resonance spectroscopy, have made it possible to measure various physical properties for 
each ferrite. It has been found that cobalt ferrite has high magnetic anisotropy and 
magnetostriction compared with other types of ferrites (Table I and II). However, cobalt 
ferrite did not receive much attention in the early days of ferrites applications because 
magnetostriction was found to have adverse effects on the normal functions of ferrites when 
they were used for transformers or inductors, which were the major applications of ferrites at 
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that time. So the earlier research on ferrites was usually directed towards on developing 
materials with high permeability and therefore low magnetostriction. 
 
Table I. Magnetic anisotropy constants K1 and K2 for selected materials [1]. 
 
 (T=4.2 K) (RT) 
                K1               K2               K1               K2 
 3d Metals  
Fe 5.2×105 -1.8×105 4.8×105 -1.0×105
Cou 7.0×106 1.8×106 4.1×106 1.5×106
Ni -12×105 3.0×105 -4.5×104 -2.3×104
Ni80Fe20 -3×103 
Fe50Co50 b-1.5×105 
 4f Metals  
Gdu -1.2×106 8.0×105 1.3×105 
Tbu -5.65×108 -4.6×107  
Dyu -5.5×108 -5.4×107  
Eru 1.2×108 -3.9×107  
 Spinel Ferrites  
Fe3O4 -2×105 -0.9×105 
NiFe2O4 -1.2×105 -0.7×105 
MnFe2O4 ≈ -4×105 ≈ -3×105 -3×104 
CoFe2O4 107 2.6×106 
 Garnets  
YIG -2.5×104 1×104 
GdIG -2.3×105  
 Hard Magnets  
BaO6⋅Fe2O3u 4.4×106 3.2×106 
SmuCo5 7×107 1.1-2.0×108 
NduCo5 -4.0×108 1.5×108 
Fe14Nd2Bu -1.25×108c 5×107 
Sm2Co17u 3.2×107 
TbFe2 -7.6×107 
aUniaxial materials are designated with a superscript u and their values Ku1 and Ku2 are listed 
under K1 and K2 respectively.  
bDisordered; K1 ≈ 0 for ordered phase 
cNet moment canted about 30o from [001] toward [110] 
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Table II. Magnetostriction constants λ100 and λ111 (×106) for selected materials [1]. 
 
 T=4.2 K Room Temperature 
 λ100(λγ,2) λ111(λε, 2) λ100(λγ,2) λ111(λε, 2) PolycrystalλS 
  3d Metals  
BCC-Fe 26 -30 21 -21 -7
HCP-Cou b-150 b45 b-140 b50 b-62
FCC-Ni -60 -35 -46 -24 -34
BCC-FeCo  140 30 
aFe80B20  48  32
aFe40Ni40B20   14
aCo80B20   -4
  4f Metals/Alloys  
Gdu b-175 b105 b-10 0 
Tbu  b8700 b30 
TbFe2  4400 2600 1753
Tb0.3Dy0.7Fe2  1600 1200
  Spinel Ferrites  
Fe3O4 0 50 -15 56 40
MnFe2O4u  b-54 b10 
CoFe2O4  -670 120 -110
  Garnets  
YIG -0.6 -2.5 -1.4 -1.6 -2
  Hard Magnets  
Fe14Nd2Bu   
BaO6⋅Fe3O4u  b13  
aSome polycrystalline room-temperature values are also listed. The prefix a designates an 
amorphous material. bFor uniaxial materials (superscript u) where λ100(λγ,2) or λ111(λε, 2) was 
reported. 
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In the early 1970's, rare earth based giant magnetostrictive materials, such as SmFe2, 
TbFe2, DyFe2, were developed (λS= ~2000 ppm) and these highly magnetostrictive materials 
were considered for various applications, such as actuators and sensors [4]. For the sensor 
applications, however, it was found that their high magnetic anisotropy (K > 106 J/m3) caused 
low sensitivity to stress which restricted their usage in magnetomechanical sensor 
applications. With respect to this, one of the major concerns with rare earth based 
magnetostrictive materials was reducing the magnetic anisotropy. A major technological 
breakthrough was achieved by a development of Terfenol-D (Tb0.3Fe0.7Fe2) material which 
has low magnetocrystalline anisotropy combined with high magnetostriction. However, low 
anisotropy with high magnetostriction could be obtained in the samples fabricated by 
directional solidification along <112> direction, which required a high cost fabrication 
process. The easy axes of Terfenol-D are <111> directions, however, directional solidification 
along <111> directions has not been successful. In addition, oxidation of rare earth alloys 
was problematic for applications. For these reasons, finding substitutes for this material has 
recently been carried out and several promising results have been reported on cobalt ferrite 
based materials [5-10] 
Cobalt ferrite based composites have high magnetostriction λ, high sensitivity of 
magnetic induction to applied stress dB/dσ, are chemically very stable and generally of low 
cost. These factors make these materials attractive for use in magnetoelastic sensors [5, 6]. 
Chen et al have recently reported the superiority in sensitivity of magnetostriction to applied 
magnetic field (dλ/dH) of cobalt ferrite composite over Terfenol-D composite (Fig.1.). 
However, to enable practical applications a family of materials was needed, in which the 
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magnetoelastic response, magnetic properties, and their temperature dependences could be 
tailored by a well defined "control variable" such as chemical composition or ionic 
distribution between tetrahedral and octahedral sites. When it comes to the ionic distribution, 
Fig.2 summarizes the calculated and observed site preference energies for various cations in 
some binary spinel ferrites [11]. However, the preference of each cation between tetrahedral 
and octahedral sites are not easy to predict because there are various factors involved in site 
selection, such as cation size, crystalline electric field, valence, etc. Moreover, it has been 
reported that the order of site preference determined based on the results of binary spinels 
was not applicable to ternary or higher cation spinels [12].  Regarding this aspect, it therefore 
becomes an interesting subject to investigate how the site preference changes from binary to 
ternary spinel ferrites. 
Based on data shown in Fig. 2, a series of Mn-and Cr-substituted cobalt ferrite 
CoMnxFe2-xO4, CoCrxFe2-xO4, (where x=0.0 to 0.8) samples were recently studied to 
investigate the effect of their octahedral site occupancy on the magnetic and magnetoelastic 
properties [7-10]. The results showed that substitution of Mn or Cr for Fe in cobalt ferrite 
reduced the Curie temperature, and that the effect was more pronounced for Cr than Mn. 
Substitution of either element caused the maximum magnetostriction to decrease and the rate 
of change was higher in Cr-series. The maximum strain derivative (dλ/dH) max, however, was 
higher for both series than that for pure cobalt ferrite. From the results of Mössbauer 
spectroscopy measurements it was interpreted that Cr has an even stronger octahedral site 
preference than Mn, which caused more of the Co ions to be forced to occupy tetrahedral 
sites [8, 10].  
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In the present study, a family of Ga- and Ge-substituted cobalt ferrite CoGaxFe2-xO4 
(where x=0.2 to 0.8), Co1+xGexFe2-2xO4 (where x=0.1 to 0.6) samples have been investigated. 
Ga3+ and Ge4+ were expected to prefer the tetrahedral sites [11, 12]. Therefore the results 
were expected to be different from those of Mn- and Cr-substituted cobalt ferrites. Systematic 
measurements of magnetic and magnetoelastic properties for each composition were 
performed under various conditions and the results were compared with those of Mn- and Cr-
substituted cobalt ferrites. More significant changes in magnetic and magnetoelastic 
properties caused by Ga- and Ge-substitutions were observed than those by Mn- or Cr-
substitutions, which was analyzed in terms of the change in anisotropy and exchange energy. 
 
 
Fig. 1. Comparison of magnetostrictions of Co-ferrite composite and Terfenol composite [5]. 
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Fig. 2. Empirical site preference energies for some divalent and trivalent ions in the spinel 
structure [11]. 
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2. BACKGROUND 
 
2.1 Fundamentals of magnetism 
2.1.1 Ordered magnetic structures 
Just like periodicity in arrangement of atoms constituting a crystal structure, there 
can be ordering of magnetic moments to make a magnetic structure. Common forms of 
magnetic ordering include ferromagnetism, ferrimagnetism, antiferromagnetism and 
helimagnetism. The fundamental cause of order in magnetic structures is exchange 
interaction among magnetic moments, which tends to maintain the ordering against the 
thermal disturbance. Thus at the magnetic phase the material undergoes a transition at a 
critical temperature above which the ordering in magnetic moments is broken so that the 
material becomes paramagnetic. It is well known that the exchange interaction varies with 
distance between magnetic moments, therefore the atomic arrangements of magnetic 
elements in a crystal structure are closely related with the alignment of magnetic moments. 
With respect to this, the periodic unit in a magnetic structure is sometimes called the 
“magnetic lattice”. The Heisenberg exchange interaction energy [14] is generally used to 
describe the magnetic ordering among magnetic moments within a domain, in which the first 
nearest neighbor exchange energy of a magnetic element, i, interacting with its j nearest 
neighbors is given by, 
∑ ⋅−=
j,i
jiNNex JJ2E γ  (1) 
where γNN is the exchange interaction coefficient between nearest neighbors, and Ji, Jj are 
total angular momentum at ith and jth sites.  
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When the exchange interaction constant γNN is positive the magnetic moments tend to align 
parallel, thus the material shows ferromagnetic ordering. On the other hand, when γNN is 
negative, the magnetic moments align antiparallel to each other so that the material shows 
antiferromagnetic ( )∑ = 0m  or ferrimagnetic ordering ( )∑ > 0m .  
Some kinds of materials show helimagnetism in which the magnetic moments within the 
same plane align parallel within the plane, however, those in successive planes align at an 
inclined angle. 
2.1.2 Molecular field theory 
 In 1905 Langevin [15] developed a theory of paramagnetism by using statistical 
thermodynamics to explain the magnetic behavior. In this theory he treated the magnetic 
response of independent molecular magnets to a magnetic field following the Maxwell-
Boltzmann statistics, however, the calculated classical magnetostatic field was too weak to 
explain the magnetic ordering, from which he concluded that there must be another strong 
magnetic interaction among magnetic elements. This idea was formulated by Weiss [16] 
when he introduced the concept of a large “molecular field” to describe the temperature 
dependence of magnetic saturation below Curie temperature. In this so called “Weiss 
molecular field theory”, he extended the Langevin theory of paramagetism by adding the 
strong internal coupling field acting on the site of one magnetic moment produced by the 
interaction with its the neighboring moments, so that the cooperative behavior of magnetic 
moments resisting the  thermal fluctuation effect could be explained. Later, the nature of this 
internal field was treated in a microscopic way and identified by Heisenberg to be due to the 
quantum mechanical pairwise interaction between spins on different sites. 
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2.1.3 Langevin and Brillouin functions 
The magnetic potential energy U of an atomic magnetic moment m is 
θμ cosmHU 0−=  (2) 
where θ is the angle between the magnetic moment ( m ) and applied magnetic field ( H ). 
By applying the Maxwell-Boltzmann distribution function the number (Nθ) of atomic 
moments pointing inclined θ angle with respect to magnetic field can be expressed as 
∑ −
−
=
θ
θμ
θμ
θ
kT
mH
kT
mH
NN cos
cos
0
0
exp
exp  (3) 
where N is the total number of atomic moments. 
Then the total magnetization (M) along the field direction can be given by 
∫
∫
∑
∑
∑∑
Ω
Ω⎥⎦
⎤⎢⎣
⎡
=
=
⋅=
−
−
−
−
−
−
d
dm
N
m
N
NmM
kT
mH
kT
mH
kT
mH
kT
mH
kT
mH
kT
mH
θμ
θμ
θ
θμ
θ
θμ
θ
θμ
θμ
θ
θ
θ
θ
cos
cos
cos
cos
cos
cos
0
0
0
0
0
0
exp
expcos
exp
expcos
exp
expcos
 (4) 
where dΩ=sinθdθdφ. 
By substituting s=-μ0mH/kBT and x=cosθ the equation (4) becomes 
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( )sNmL
s
1scothNm
s
1
ee
eeNm
s
eeln
s
Nm
dxexpln
s
Nm
dxexp
xdxexp
NmM
ss
ss
ss
1
1
sx
1
1
sx
1
1
sx
=⎟⎠
⎞⎜⎝
⎛ −=
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−
+=
⎥⎦
⎤⎢⎣
⎡ −
∂
∂=
⎥⎦
⎤⎢⎣
⎡
∂
∂=
=
−
−
−
−
−
−
∫
∫
∫
 
(5) 
The actual magnetic moment m can be determined from the total angular momentum of the 
isolated atom which should be obtained by vector sum of the orbital and spin angular 
momenta of electrons given by, 
( ) B1JJgm μ+=  (6) 
where μB is the Bohr magneton and g is the Landé-splitting factor which is equal to 
( ) ( ) ( )
( )1JJ2
1LL1SS1JJ1g +
+−++++=  (7) 
in which S, L, J are the spin, orbital, and total angular moment quantum numbers 
respectively. 
If this quantized component of magnetic moment in the field direction m=gJμB replaces the 
classical term mcosθ, then the total magnetization along the field direction can be derived by 
summations of magnetic moments over discrete angles ( –J … +J). The resultant expression 
for the total magnetization is the so called Brillouin function [17] which is given by, 
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⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛−⎥⎦
⎤⎢⎣
⎡ +⎟⎠
⎞⎜⎝
⎛ +=
⎟⎟⎠
⎞
⎜⎜⎝
⎛ μμμ=
J2
xcoth
J2
1
J2
x)1J2(coth
J2
1J2)x(B
where
Tk
HgJBNgJM
J
B
0B
JB
 (8) 
Using this equation the temperature dependence of spontaneous magnetization within a 
domain can be calculated. Substituting the Weiss molecular field Happ+αM (where Happ and α 
are the applied magnetic field and the molecular field coefficient respectively) for the 
effective magnetic field H and applying high temperature limitation (x«1) results in the 
famous Curie-Weiss law; 
 
(9) 
 
 
 
 
(10) 
( )
( )
( )
( )
( ) ( )
( )
( )
( )
Tk3
1JJgN
Twhere
1JJgNTk3
1JJgN
H
M
Tk3
MH1JJNg
x
J3
1JJNgJ
J6
x
x
J2
J2
1
J6
x1J2
x1J2
J2
J2
1J2NgJM
,therefore
3
x
x
1xcoth
Tk
MHgJ
xwhere1xwhen
B
2
B
2
0
C
2
B
2
0B
2
B
2
0
B
0
2
B
2
2B
B
B
0B
+μμα=
+μμα−
+μμ==χ
α+μμ+=
⎥⎦
⎤⎢⎣
⎡ +μ=
⎥⎦
⎤⎢⎣
⎡
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⎧ +−⎭⎬
⎫
⎩⎨
⎧ +++⎟⎠
⎞⎜⎝
⎛ +μ=
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2.1.4 Curie temperature determination 
 In practice, in order to determine the ordering temperature at which spontaneous 
magnetization occurs, it is necessary to make the sample single domain and to align all 
magnetic moments along the applied field during the measurement. This sometimes requires 
huge fields and the saturation magnetization does not vanish just above the ordering 
temperature due to the short-range ordering of the moments. One of the simplest methods to 
determine Curie temperature TC from the magnetization vs temperature curve is linear 
extrapolation from the region of maximum slope (usually this region corresponds to the 
inflection point of the magnetization curve) down to the temperature axis. This is appropriate 
for soft magnets with low anisotropy field Hk. When it comes to hard magnets with high 
anisotropy field, however, high magnitude of applied magnetic field may influence the shape 
of M vs T curve especially in the vicinity of the Curie temperature, and that, in some cases, it 
is impossible to saturate the sample. In these cases, it would be useful if we can identify the 
location of TC from the magnetization curve M(H, T) even in very weak applied magnetic 
field. With respect to this, the method of “Arrott plots” [18] is one of the most frequently 
used methods satisfying these conditions. 
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2.1.4.1 Arrott plots 
 Under assumption that M is very small, the magnetic contribution to the free energy 
in the presence of a magnetic field H can be expressed by the Landau expansion, 
( ) MHM
4
bM
2
aMG 0
42 μ−⋅⋅⋅++=  (11) 
where a and b are positive functions of temperature. 
The equilibrium magnetization can be given by the free energy minimum condition as 
follows, 
( ) 0HbMaM
dM
MdG
0
3 =μ−⋅⋅⋅++=  (12) 
By neglecting the higher orders terms in M the equation is simplified to be 
b
a
M
H
b
M 02 −μ=  (13) 
For local moments, the coefficient a is given by 
( )C0 TTCa −
μ= , (14) 
whereas for itinerant magnets, it can be expressed as 
2
C
2 TTa −∝ . (15) 
Therefore the equation (13) can be written as 
( )
M
H
b
TTCM 0nC
n2 μ+−−=  (16) 
where C is a constant and n=1 for local moments and 2 for itinerant magnets [1]. 
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Based on this equation, various plots of M2 versus H/M can be made using experimental data 
giving straight lines obtained at various temperatures. Among these plots one specific line for 
T=TC should intercept the axes at M2=0. 
Even though the method of “Arrott plots” is one of the most frequently used methods in 
determining Curie temperature, there still remains a uncertainty in the validity of the use of 
Landau expansion applying for various kinds of magnetic materials. There is also a question 
over the applicability of the mean field (“Weiss molecular field”) approach, which can work 
well in specific cases but is not completely general in its validity. 
2.1.5 Exchange interaction and molecular field theory 
 Magnetic “domain” is a volume within which there exists a directional alignment of 
magnetic moments parallel (ferromagnetism), antiparallel (antiferromagnetism or 
ferrimagnetism), or with a specific angle (helimagnetism). The fundamental reason for this 
directional alignment is the exchange interaction among magnetic moments, which is 
difficult to explain in terms of classical physics. When it comes to the empirical treatment of 
exchange interaction, one of the methods to measure the strength of the exchange interaction 
is the analysis of temperature dependence of the saturation magnetization or the Curie 
temperature. Qualitatively, it seems obvious that ordering temperature is indicative of a 
measure of the strength of the exchange interaction. For quantitative analysis, however, 
various variables need to be considered such as the range of exchange interaction on each 
magnetic moment. A number of approximations have been suggested for this purpose [19-
23], however, the basic concept is based on the “Heisenberg model”, of which exchange 
interaction energy can be interrelated with empirically measurable quantities, such as 
magnetization or Curie temperature TC as follows, 
 17
CBi
i
eff0
j
jij,i
i
ex Tk3mH2JJ2E =⋅μ−=⋅γ−= ∑  (for isotropic materials) (17) 
; γi,j = the exchange interaction constant between magnetic moments in i and j sites 
Ji, Jj = total angular momentum at i and j sites respectively 
Heffi = molecular field acting on the magnetic moment at i site 
kB=Boltzmann constant. 
2.1.6 Magnetic anisotropy 
 The magnetic anisotropy represents the preference of the magnetic moments to lie in 
a particular direction in a sample. In other words, the total magnetic energy of a material at 
equilibrium state is a function of direction. There are various possible origins to cause the 
magnetization to have directional preference, such as sample shape, crystal symmetry, stress, 
or directed atomic pair ordering. Sometimes magnetic anisotropy can be classified variously 
as shape anisotropy, magnetocrystalline anisotropy, stress anisotropy, or induced anisotropy 
based on these physical origins. Of these, only magnetocrystalline anisotropy is an intrinsic 
property of the material. 
2.1.6.1 Magnetic anisotropy energy 
Akulov [24] showed that the dependence of internal energy on the direction of 
spontaneous magnetization can be expressed in terms of an expansion involving even powers 
of direction cosines of magnetization relative to the crystal axes.  
For the simplest case of uniaxial magnetic anisotropy, the internal energy can be expressed 
by expanding in a series of powers of sin2θ: 
⋅⋅⋅θ+θ+θ= 63u42u21ua sinKsinKsinKE  (18) 
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where θ is the angle between the c-axis and the magnetization vector, and Kun are the 
anisotropy constants. 
Generally the order of magnitude of the number of terms involved in this polynomial very 
rapidly decreases when their power increases, thus a one constant approximation is possible 
as follows; 
θ= 21ua sinKE . (19) 
According to this equation the shape of the energy surface is dependent on the sign of Ku1; 
when Ku1 > 0, an oblate spheroid in which the lowest energy is located along the c axis 
(θ=nπ), whereas, when Ku1 < 0, a prolate spheroid extended along the c axis having minimum 
energy in the x-y plane (θ=n+ π /2). 
In the case of cubic anisotropy when the other higher-order terms are negligibly small 
compared to the K1 term a one-constant anisotropy equation can also be approximated from 
the series of polynomials 
    ⋅⋅⋅θθ+θθ+θθ+
θθθ+θθ+θθ+θθ=
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1a θθ+θθ+θθ=  (20) 
where θ1, θ2, θ3 are the angles between magnetization vector and the three cubic axes (x, y, z) 
respectively. 
Based on this one-constant anisotropy equation, <100> directions become the easy axes 
when K1 is positive, while <111> directions become the easy axes when K1 is negative. 
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2.1.6.2 Law of approach to saturation 
 For crystalline ferromagnetic materials, where the spontaneous magnetization is 
oriented along the easy axis due to the anisotropy energy, the rotation of the magnetization 
under applied magnetic field can be examined by finding the equilibrium angle of 
magnetization with respect to the applied field (H) where the total energy becomes a 
minimum; 
0
d
dEtot =θ  and 0d
Ed
2
tot
2
>θ . (21) 
where θ is the angle between magnetization and the applied magnetic field (H). 
Assuming that the total magnetic energy is only the sum of anisotropy energy (Ean) and 
Zeeman energy (EZeeman), the total energy can be expressed as 
.HM)coscoscoscoscos(cosK
EEE
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2
3
2
2
2
2
2
1
2
1
Zeemanantot
μ⋅+θθ+θθ+θθ=
+=
 (22) 
The equilibrium angle θ can be obtained from the equation 
θμ−θ==θ sinHMd
dE0
d
dE
S0
antot . (23) 
If θ is very small, the equation becomes 
0HM
d
dE
S0
0
an =θμ−⎟⎠
⎞⎜⎝
⎛
θ =θ
. (24) 
Therefore, θ can be obtained by 
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Since the component of magnetization in the direction of the applied magnetic field (H) is 
given by 
θ= cosMM S . (26) 
In the high field region the magnetization approaches saturation. Provided the effects of 
defects and localized inhomogeneities are sufficiently small, the magnetization in the high 
field region can be expressed as 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⋅⋅⋅+θ−=θ=
2
1McosMM
2
SS . (27) 
Therefore substituting equation (25) for small θ in equation (27) results in,  
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For cubic anisotropy, since the magnetization rotates along the maximum gradient of the 
anisotropy energy in the vicinity of H, 
2
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where (θ, φ) are the polar coordinates of the magnetization at equilibrium state under applied 
magnetic field (H).  
By using the relationships of 
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the equation (29) becomes 
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Let each term be replaced by the relationships of 
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then the equation can be simplified to be 
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For a randomly oriented polycrystalline sample, the average value of each term inside the 
parenthesis can be calculated to be 
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Substituting this equation (35) in equation (28) results in 
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This resultant equation shows the relationship between magnetization and the anisotropy 
constant K1 of the polycrystalline samples with cubic symmetry, however, this formula is 
only applicable under an assumption that the grains in the polycrystalline material have no 
texture in orientation and would not interact magnetically with each other. 
2.1.7 Magnetostriction 
Magnetostriction is the change in dimension of a solid that accompanies the change in 
magnetic state. Conversely, the magnetic structure of the material may vary with the 
mechanical state.  
For materials with ordered magnetic structures, magnetostriction can be classified into 
spontaneous magnetostriction and field induced magnetostriction. The former is 
accompanied by the formation of domains below the ordering temperature, whereas the latter 
arises from the reorientation of domains. The field induced magnetostriction was first 
discovered by Joule in 1842 thus sometimes being called as Joule magnetostriction or 
anisotropic magnetostriction. 
Magnetostriction is usually expressed as λ, the fractional change in length l 
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l
Δl=λ   (37) 
to make a distinction from the mechanical strain ε. The response of λ to applied magnetic 
field can be either positive or negative depending on the material. A schematic diagram 
illustrating the various magnetostriction modes is shown in Fig. 3.  
 
 
Fig. 3. Schematic diagram illustrating the various magnetostriction modes 
 
The magnetostrictive strain at saturation relative to the length in the demagnetized state is 
called saturation magnetostriction λs, which corresponds to the difference in strain of 
between the right ellipsoid and middle sphere in Fig. 3. For the purpose of comparison 
among materials, λs is usually used as a characteristic value of magnetostrictive properties 
because it is an intrinsic property of the material.  
For isotropic materials or for randomly oriented polycrystals, if volume conservation is 
assumed, the magnetostriction can be expressed as a function of θ by, 
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where θ is the angle between the measurement direction and the magnetization direction. 
For the measurement of λs, the magnetostriction parallel to the applied field direction λ//, and 
the magnetostriction perpendicular to the field direction λ⊥, are measured and the difference 
is taken as follows, 
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⊥
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Fig. 4 shows the magnetostriction curve from the demagnetized state. For isotropic samples, 
which is given by Fig. 4 (a), λ// = -2λ⊥ because the demagnetized state is isotropic. In the 
cases of Fig. 4 (b) and (c), however, the shapes of magnetostriction curves of λ// and λ⊥ are 
entirely dependent on the preferred magnetization direction in the demagnetized state, on 
which various external factors, such as stress, can make an effect. 
For these reasons, saturation magnetostriction ( ⎟⎠
⎞⎜⎝
⎛ λ−λ=λ ⊥//s 3
2 )  is usually taken in order to 
eliminate the uncertain effect of the initial state. 
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Fig. 4. Schematic diagram illustrating the parallel and perpendicular magnetostriction curves 
from the various demagnetized states of (a) isotropy (b) easy axis parallel to the measurement 
direction (c) easy axis perpendicular to the measurement direction. 
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2.1.7.1 Cubic materials 
The generalized version of the equation for saturation magnetostriction of single 
crystal cubic materials is given by [25] 
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ββαα+ββαα+ββααλ+
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⎛ −βα+βα+βαλ=λ
 (40) 
where λ100 and λ111 are the saturation magnetostrictions measured along the <100> and 
<111> directions respectively, and (α1, α2, α3) and (β1, β2, β3) are the direction cosines of the 
magnetization and strain measurement directions respectively, with respect to the cubic 
crystal axes.  
Under the assumption that the saturation magnetization is parallel to the applied magnetic 
field and strain measurement direction, and by replacing (β1, β2, β3) with (α1, α2, α3), the 
above expression reduces to 
( )( )212323222221100111100s 3 αα+αα+ααλ−λ+λ=λ . (41) 
For polycrystalline cubic materials with randomly oriented crystallites the following formula 
can be considered a good approximation [26]: 
( )
4411
44
aa111100s cc
c2r,rln
8
1
5
2c,c1c −=−=λ−+λ=λ  (42) 
where c is a coefficient that can be calculated by averaging the deformation in each crystallite 
over different crystal orientations, and ra is a measure of elastic anisotropy of the cubic 
material. 
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A simpler expression with c=2/5 can be obtained when ra=1, which is valid for materials with 
isotropic elastic properties. 
2.2 Ferrite 
2.2.1 Spinels 
 The spinel ferrites are a large group of oxides which possess the structure of the 
natural spinel MgAl2O4. More than 140 oxides and 80 sulphides have been systematically 
studied [27]. 
Fig. 5 and 6 show the unit cell and its projection on the base plane of the cubic spinel 
structure, in which two types of subcells alternate in a three-dimensional array so that each 
fully repeating unit cell requires eight subcells. Two kinds of subcells are indicated, one of 
which is a tetrahedral site in the body center (green) and the other one of which is an 
octahedral site (red). Each A atom in a tetrahedral site has 12 nearest B atoms and each B 
atom in an octahedral site has 6 nearest A atoms, which is shown in Fig. 7. In the case when 
both A and B atoms are magnetic elements, there is an exchange interaction between A and 
B atoms and the number of nearest neighbor exchange interactions for each site should be 
also different for each site. This difference in number of exchange interactions, depending on 
the crystallographic position of each magnetic element, may give physically important 
meaning for interpreting the magnetic properties of this material because exchange 
interactions among magnetic elements are the fundamental reason for magnetic ordering of 
magnetic materials. For this reason, the magnetic properties of cubic spinel ferrites are 
known to be strongly related to the cation distribution between tetrahedral and octahedral 
sites. The general chemical formula of spinel structure is given by 
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( ) 3X1X1X1X O]BA[OBA +−− ⋅  (43) 
where cations inside the parenthesis “( )” are indicated to be in tetrahedral sites and those 
inside the bracket “[ ]” are in octahedral sites. x varies from 0 to 1 depending on the 
materials; When x=1 the material is called normal spinel. When x=0 the material is called 
inverse spinel. When 0<x<1 the material is called mixed spinel. 
 
Fig. 5. Unit cell of cubic spinel crystal structure of AB2O4 
 
 
Fig. 6. Projection of the spinel ionic positions on to a cube face, for a perfect system where 
the oxygen parameter u=3/8. Numbers give the ion positions perpendicular to a cube face as 
a fraction of the cube edge. 
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(a)                                                              (b) 
Fig. 7. Schematic diagram illustrating the local atomic arrangements for (a) tetrahedral site 
and (b) octahedral site in spinel structure. 
 
2.2.2 Magnetic moments of inverse spinels 
 Once the cations' distribution between tetrahedral and octahedral sites is identified we 
can predict the magnetic moments of the formula unit. Because the thermal disturbance of 
the magnetic moments will lower the net magnetic moment, the theoretical values of 
magnetic moments are generally referred to the value at absolute zero or 0 K. For practical 
application to experimentally measured data the saturated magnetic moment is usually 
determined by extrapolation to 0 K of the measured data at very low temperatures. 
In the general chemical formula unit of spinel ferrite expressed in (43), the magnetic 
moments of cations in tetrahedral sites are oppositely directed to those in octahedral sites. 
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If MA and MB are the magnetic moments of A and B ions then the saturation magnetic 
moment per formula unit at 0 K can be calculated by 
( ) ( )[ ] ( ){ }BABA MX1XMMX1MX1M −+−++−= .   (44) 
In the case of cobalt ferrite, if it has a completely inverse spinel structure, the formula unit is 
( ) 3323 O]FeCo[OFe +++ ⋅ .  (45) 
The spin magnetic moments for Fe3+ and Co2+ are 5 μB and 3 μB respectively.  Based on these 
values the magnetic moments per formula unit of cobalt ferrite can be calculated as follows, 
( )[ ]
.3
535M
B
B
μ=
μ−+=
  (46) 
However, the experimentally measured values of cobalt ferrites have been reported to be 
~3.94 μB [28, 29], which is due to a contribution from the orbital magnetic moment of cobalt 
ion Co2+ remaining unquenched by the crystalline field. Specific details regarding orbital 
magnetic moment will be discussed at the following sections. Experimental results indicate 
that cobalt ferrite is neither fully normal spinel nor fully inverse spinel [30, 31], because the 
cobalt atoms are distributed among both the A sites and the B sites. Moreover, the directions 
of the magnetic moments in A and B sites may not be completely antiparallel, in other words, 
they may be canted [32]. Therefore calculation of the saturation magnetic moment of cobalt 
ferrite needs to be performed after taking these factors into consideration. 
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2.2.3 Single ion anisotropy 
For cubic spinel ferrites, as previously mentioned, there are two kinds of interstitial 
sites inside the close-packed oxygen lattice. The tetrahedral sites are surrounded by four 
nearest neighbor O2- ions, and the octahedral sites are surrounded by six O2- ions. The sizes 
of all of the metal ions in the third and fourth periods in the periodic table, which are of 
interest at this study, are small enough to occupy these lattice sites. Cobalt ferrite has the 
composition Co2+Fe3+2O4, and in its inverse spinel form one Fe3+ would occupy the 
tetrahedral site, while the other Fe3+ and the Co2+ would occupy the two octahedral sites. 
Strictly speaking, the site occupation for Fe3+ and Co2+ ions is known to vary with fabrication 
processes [30, 31], however, for simplicity an inverse spinel structure of cobalt ferrite is 
assumed here. Generally, the energy levels of d-electrons which are degenerate in the free ion 
state are split into doubly degenerate dγ levels (dx2-y2, dz2) and triply degenerate dε levels (dxy, 
dyz, dxz) when they are located in a cubic crystal field of octahedral symmetry (Fig. 8). This 
energy shift is due to the electrostatic interaction between the differently shaped electron 
clouds of d orbitals in metal ions and that of p orbitals of neighboring oxygen atoms. More 
specifically, the dγ wave function stretches along a cubic axis on which the nearest neighbor 
O2- ion is located, so that because of the Coulomb interaction between the negatively charged 
electron and the O2- ion, the energy level of dγ is increased; while the dε wave function 
stretches between two cubic axes and avoids the O2- ions, so that the Coulomb energy is 
relatively small and the energy of the dε level is lowered. In addition to this, the second 
nearest neighbor metal ions surrounding an octahedral site are arranged symmetrically about 
the trigonal axis, so that they produce a trigonal field which causes the three dε states to 
recombine to form three new orbitals compatible with trigonal symmetry. In consequence, 
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the triply degenerate dε levels are split into an isolated lower single level, which corresponds 
to the wave function being concentrated along the trigonal axis and the doubly degenerate 
higher levels which correspond to the wave functions stretching perpendicular to the trigonal 
axis. The schematic diagram for the energy level splitting of 3d electrons inside cubic lattice 
is shown in Fig. 9.  
 According to Hund’s rule, five electrons out of seven in the Co2+ ion in an octahedral site fill 
up the + spin levels, while the remaining two electrons occupy the – spin levels; this high 
spin state is valid only when the stabilization energy of Hund’s rule is greater than that of 
crystal field splitting, which is generally valid in the case of 3d ions [33]. The last electron 
which occupies one of the doubly degenerate levels can alternate between the two possible 
wave functions, thus realizing a circulating orbit. The orbital magnetic moment L interacts 
with the total spin moment S of the Co2+, which is the so called “spin-orbit” coupling, the 
general form being given by 
w = k L·S    (47) 
where k is the spin orbit coupling coefficient. 
Since the number of electrons in a Co2+ ion is more than half the number required for a filled 
shell, L is parallel to S (by Hund’s rule), and k < 0. When, therefore, S has a positive 
component parallel to the trigonal axis, L points in the + direction of this axis. When S is 
rotated so that it has a negative component, L is reversed. Therefore the interaction energy in 
this case is given by 
W=kLS|cosθ| (48) 
where θ is the angle between L and S directions. 
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In cubic crystals there are four <111> axes. If Co2+ ions are distributed equally on octahedral 
sites with different <111> axes, the anisotropy energy produced by equation (48) becomes 
( )4321a coscoscoscosNkLS41E θ+θ+θ+θ=  (49) 
where θ1, θ2, θ3, and θ4 are the angles between S and the four <111> axes and N is the 
number of Co2+ ions.  
By Fourier expansion, |cosθ| is reduced to 
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Therefore equation (49) becomes 
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(51) 
Since k < 0 (by Hund’s rule), the anisotropy constant in equation (51) is positive. This 
explains the fact that while many ferrites have negative K1, but the addition of Co tends to 
make K1 positive. In the case of metal ions other than Co2+, the orbital moment L is induced 
through the LS coupling, and this induced L gives rise to magnetic anisotropy through the LS 
coupling. 
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Fig. 8. The dε and dγ wave functions of 3d electrons. 
 
 
 
Fig. 9. Schematic diagram illustrating the splitting of energy levels of 3d electrons by 
crystalline fields with different symmetry. 
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2.2.4 Two sublattice magnetizations 
 Neel [34] postulated the two separate sublattice model as an explanation of 
ferrimagnetism (and antiferromagnetism). In this model it was assumed that each sublattice 
possesses its own spontaneous magnetization so that the total magnetization is the vector 
superposition of the two sublattice magnetizations. 
The formation of spontaneous magnetization in ferrites can be explained as in ferromagnetic 
materials by using the Weiss molecular field theory. An important difference in Neel’s two 
sublattice model was, however, that the total effective molecular field acting on each 
magnetic moment was assumed to be resulting from the superposition of the two different 
intra- and inter-sublattice molecular fields given by, 
A
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eff
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AA
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MMH
MMH
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 (52) 
where αAA, αBB, and αAB are intra-sublattice molecular field constants for sublattice A and B 
respectively, and inter-sublattice molecular field constant between sublattice A and B. 
The field-dependent and temperature-dependent magnetization in each sublattice can be then 
described by a Brillouin function with different effective fields on each sublattice HeffA and 
Heff B being variables, as follows [1], 
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At temperatures above the Curie temperature, using the high temperature approximation to 
equation (9), we have 
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Solving these simultaneous equations results in 
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This equation can be simplified to 
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At Curie temperature, 1/χ=0, so that we have [35] 
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( ) ( ) 0CCTCCT 2ABBBAABACBBBAAA2C =α−αα+α+α−  (57) 
Solving this equation with respect to TC results in 
( ) ( ) 2ABBA2BBBAAABBBAAAC CC4CCCC2
1T α+α−α±α+α=  (58) 
Since 
( ) ( ) 2ABBA2BBBAAA
2
BBBAAA CC4CCCC2
1 α+α−α〈⎥⎦
⎤⎢⎣
⎡ α+α  (59) 
the positive value of TC is given by 
( ) ( ) 2ABBA2BBBAAABBBAAAC CC4CCCC2
1T α+α−α+α+α=  (60) 
This resultant equation shows the dependence of TC on the molecular field constants αAA, αBB, 
and αAB. 
2.2.5 Exchange energy in a two sublattice structure 
 Based on the nearest-neighbor exchange interaction approximation, the intra- and 
inter-sublattice exchange interaction energy can be expressed as [35] 
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where EexAA, EexBB, EexAB are indicating of exchange energy densities from A-A, B-B, and A-
B nearest exchange interactions respectively. 
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From these equations we can obtain the molecular field constants in terms of the exchange 
interaction constants as 
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 (62) 
By substituting these equation to equation (55), the magnetization curve M(H, T) of 
ferrimagnets can be described in terms of the exchange interaction constants. 
2.3 Thermodynamics of magnetostrictive materials 
A mathematical statement of the first law of thermodynamics is as follows, 
dU=δQ+δW+δW’    (63) 
where dU is the change in the state function U (the internal energy) for an infinitesimal step 
in the process, and δQ, δW, and δW’ are incremental quantities of heat, mechanical work, 
and all other kinds of work done on the system.  
When it comes to magnetic materials under applied magnetic field, we need to consider 
magnetic contribution to the internal energy U; change in magnetic energy µ0HdMV, and 
change in magnetostrictive energy –σMλV, where H, M, σM, λ, and V are applied magnetic 
field, magnetization, magnetoelastic stress, magnetostriction, and volume. Thus the change in 
internal energy on magnetizing a magnetostrictive material can be written as  
dU = TdS – PdV+(µ0HdM-–σMλ)V   (64) 
The Gibbs free energy is 
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G = U+(P+σe-µ0HM)V-TS  
      
dG = dU+PdV+VdP+(σMdλ+λdσM+µ0HdM+µ0MdH)V-TdS-SdT (65) 
Substituting equation (64) into equation (65) gives    
dG = Tds-PdV+(µ0HdM-σMλ)V+PdV+VdP+(σMλ+λdσM-µ0HdM-
µ0MdH)V-TdS-SdT 
=  -SdT+VdP-(µ0MdH-λdσM)V 
(66) 
Important relations follow from the partial derivatives of the free energy; 
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By Maxwell’s relations, for small displacements, 
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and therefore 
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The resultant equation is an important result because it indicates that materials with a high 
strain derivative (dλ/dH)σ will show high stress sensitivity (dB/dσM)H. 
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3. EXPERIMENTAL PROCEDURE 
 
3.1 Preparation of samples 
 A series of polycrystalline Mn-, Cr-, and Ga- Ge-substituted cobalt ferrite samples 
with compositions of CoMxFe2-xO4 (where M=Mn, Cr, Ga and x= 0.0 to 0.8) and 
Co1+xGexFe2-2xO4 (where x=0.0 to 0.6) were prepared by standard powder ceramic techniques 
using Fe2O3, M2O3 (M=Mn, Cr, Ga) or GeO2, and Co3O4 powder as precursors.  
Stoichiometrically blended powder was calcined at 1000°C for 24 hours, ball milled, 
and sieved to sizes <30 μm using a 400 mesh screen. After repeating the calcining procedure 
the powder was cold pressed at up to 15000 pound ram force using a 0.75 inch diameter die. 
The cold pressed “green state” samples were sintered at 1350°C for up to 24 hours and 
subsequently furnace cooled to room temperature.  
3.2 Crystal/micro structure and chemical composition analysis 
X-ray powder diffraction analysis of the samples with various compositions 
indicated that, within experimental error, they have single phase cubic spinel structure. The 
lattice parameter of each sample was determined by Rietveld refinement based on the X-ray 
powder diffraction data. Microstructures of the sintered samples were investigated using a 
JEOL 5910 scanning electron microscope  (SEM) and quantitative compositional analysis 
was performed using energy-dispersive spectroscopy (EDS).  
3.3 Magnetic properties measurement 
Magnetic properties were measured using a vibrating sample magnetometer (VSM) 
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and a superconducting quantum interference device (SQUID). For the measurements of the 
Curie temperature, TC, the VSM was used to measure the magnetization (M) versus 
temperature (T) curve in the high temperature region from ambient temperature (nominally 
300 K) up to 873 K under a field of 7.96 kA/m (100 Oe). The Curie temperature, TC, was 
determined from the M vs. T curve by linear extrapolation from the region of maximum slope 
to the temperature axis. The temperature dependent magnetization at low temperatures was 
measured by SQUID in the temperature region from 10 K up to 400 K under a field of 
3978.9 kA/m (50 kOe).  For the measurements of temperature dependence of the first-order 
cubic anisotropy constant K1, major hysteresis loops were measured at selected temperatures 
from 10 K up to 400 K under applied magnetic fields up to 3978.9 kA/m (50 kOe) and the 
closed parts of the major hysteresis loops were fitted by the law of approach (Eq. (36)). 
Surface magnetic domain structures were observed by scanning probe magnetic 
force microscope and Kerr effect microscope for small (40 μm × 40 μm) and large (300 μm × 
300 μm) areas respectively. 
3.4 Magnetostriction measurement 
Magnetostriction (λ) was measured by the strain gauge method. Measurements were 
carried out under applied fields up to 5570.4 kA/m (70 kOe) at selected temperatures from 10 
K up to 400 K using a Quantum Design Physical Property Measurement System (PPMS). 
The magnetic field was applied parallel to the direction of strain measured (λ//). A “half 
bridge” configuration was used to compensate the effects of temperature and field on the 
strain gauge resistance, in which the second “dummy” gauge was attached to a copper 
reference sample. The strain gauges used for the measurements were Vishay Measurements 
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WK-06-031CF-350 model; gauge length = 0.79 mm, grid width = 1.57 mm, grid 
resistance=350.0±0.4 % ohm. M-bond 610 adhesive was used for bonding the strain gauge 
on the surface of samples and then the assembled samples were annealed at 150oC for 1 hour 
to cure the bond. 
3.4.1 Half bridge configuration 
 Fig. 10 shows the basic Wheatstone bridge circuit with a half bridge configuration 
which is composed of four resistors, among which R1 and R2 were resistances of 350 ohm 
from Precision Resistive Product INC (GP1/4 model with 0.1 % resistance tolerance at 298 
K), and R3 and R4 were resistances of the strain gauges (Vishay Measurements model WK-
06-031CF-350) attached on the copper reference and the sample respectively. There are two 
kinds of methods to excite the circuit; one is applying a constant excitation voltage and the 
other is applying a constant excitation current.  The conversion equation from the output data 
to strain depends on the excitation method, which will be discussed as follows. 
 
 
Fig. 10. Basic Wheatstone bridge circuit 
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3.4.1.1 Measurements under constant excitation voltage 
Under a constant excitation voltage (E) applied, the output voltage (e0) varies with the 
relative resistances of four resistors (R1, R2, R3, R4). 
Specifically, output voltage actually depends on the resistance ratios R1/R2 and R4/R3 ;  
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where 
R1, R2= resistance of balancing resistors in a nominal state (for example, at 298 K under 
H=0) 
R3= resistance of strain gauge on the copper reference sample 
R4= resistance of strain gauge on the active test sample. 
Since the resistances of the two balancing resistors R1 and R2 are the same (R1/R2 = 1) the 
output voltage e0/E is determined by the resistance ratio (R3/R4); 
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 where 
RCu = resistance of strain gauge on the copper reference copper sample  
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RT = resistance of active strain gauge on the test sample. 
Since the magnetostriction of copper is negligibly small compared with that of the test 
sample (λCu ≈ 0 at all field strengths) it follows that RCu(H=0) = RCu(H=H) so that only the 
resistance of the strain gauge attached on the test sample varies significantly with magnetic 
field H due to magnetostriction in the test sample, RT(H=H) = R(H=0) + ΔRT(H), so that 
equation (71) becomes, 
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If the resistances of the strain gauges attached on Cu and the test sample are the same 
(RCu(H=0)=RT(H=0)=R) then the above equation can be simplified to 
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where FG is known as the “gauge factor” of the strain gage, ε
Δ
= R
R
FG  (where ε =strain). 
This dimensionless parameter normally has a value of about 2.  
 45
This resultant equation shows the relationship between the output voltage e0 and the strain of 
the test sample ε under fixed excitation voltage E; 
( )H
E
e
F
4 0
G
⋅=ε . (74) 
This is the equation for the strain gauge bridge when it is operating under conditions of 
constant voltage. 
3.4.1.2 Measurement under constant excitation current 
Under a fixed excitation current (I) applied, the output “resistance” (e0/I) varies with 
the relative resistances of four resistors (R1, R2, R3, R4). The current I1 flowing through 
resistors R3 and R4 should be different from the current I2 flowing through resistors R1 and R2 
of the Wheatstone bridge (Fig. 10), depending on the resistances of the four resistors as 
follows, 
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Therefore the current flowing in each arm (I1 and I2) can be expressed in terms of resistances 
given by, 
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Since the output voltage (e0) is 
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(77) 
therefore the out of balance voltage divided by the constant current supplied to the bridge 
(e0/I) can be expressed as 
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When R3=RCu(H), R4=RT(H), and R1=R2=R, the equation (78) becomes 
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This can be compared with equation (72). 
Using the same assumption previously shown, RCu(H=0)=RCu(H=H)=R, and letting 
RT(H=H)=R+ΔRT(H), the equation (79) can be expressed as, 
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Since the gage factor (FG) is 
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ε
Δ= RRFG  (81) 
therefore the output resistance becomes 
ε⋅=
4
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I
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This resultant equation shows the relationship between the measured value (e0/I) and the 
strain of the test sample ε under fixed excitation current I; 
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This is the equation for the strain gauge bridge when it is operating under conditions of 
constant current. This is not the usual familiar equation for the out of balance condition of the 
bridge but is needed in the present work because the PPMS is configured to measure the 
strain gauge bridge output in this way rather than in the more conventional constant voltage 
configuration. 
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4. RESULTS AND DISCUSSION 
 
4.1. Experimental results for Ga-substituted cobalt ferrite 
4.1.1. X-ray diffraction analysis 
The X-ray diffraction patterns of Ga-substituted cobalt ferrite CoGaxFe2-xO4 (x=0.0, 
0.2, 0.4, 0.6, 0.8) samples are shown in Fig. 11, in which it is confirmed that all the samples 
have a cubic spinel structure. The typical spinel ferrites have a space group of Fd3m and the 
lattice parameter varies from 8.3 to 8.5 Å depending on the metal ions [36]. Fig. 6 shows the 
“idealized” closed packed cubic spinel structure assuming all the ions are perfect spheres. In 
this ideal structure the oxygen parameter u; which is the distance between the oxygen ion and 
the face of the cube edge along the cube diagonal of the spinel subcell, is theoretically equal 
to 3/8. However, the actual ionic positions in the spinel lattice are not perfectly regular as 
shown in Fig. 6 because the tetrahedral sites are often too small for the metal ions so that the 
oxygen ions around the tetrahedral sites must deviate from the theoretical positions to 
accommodate them, which also causes the oxygen ions around the octahedral sites to move 
to accommodate the expansion in tetrahedral sites. Consequently the actual ionic positions 
and the resulting lattice parameters should depend on the distribution of different metal ions 
between tetrahedral and octahedral sites. Generally the actual u parameters of ferrites are 
slightly larger than 3/8. 
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Fig. 11. X-ray diffraction patterns of Ga-substituted cobalt ferrites CoGaxFe2-xO4       
(where x = 0.0 to 0.8). 
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4.1.2. Lattice Parameter 
The lattice parameter of each sample was determined by Rietveld refinement based 
on X-ray diffraction data. Fig. 12 shows the observed and calculated powder diffraction 
patterns of CoGa0.6Fe1.4O4. The resultant variation in lattice parameter with substituted 
gallium content is shown in Fig. 13, which does not appear to be a simple linear function. 
Based on the fact that the radius of Ga3+ ions in tetrahedral and octahedral sites (rIV = 0.047 
nm, rVI = 0.062 nm) [37] is small compared to that of high spin Fe3+ ions in each site (rIV = 
0.049 nm, rVI = 0.0645 nm) [37] the lattice parameter was expected to decrease as the 
substituted gallium content x increases assuming that it follows Vegard’s law [38]. In fact, 
however, non-linear behavior was observed, in which lattice parameter increases from x=0 
up to x=0.4 and then decreases as the gallium content increases from x=0.4 up to x=0.8, 
making a local maximum at x~0.4. Similar non-linear behavior in lattice parameter has been 
reported for the Si-substituted cobalt ferrites Co1+xSixFe2-2xO4 [39], in which the maximum 
value of lattice parameter was observed at the sample of x ~ 0.2 Si content. It was mentioned 
[39] that this non-linear behavior had been reported for systems which were not completely 
normal or inverse, however, the reason for this non-linear behavior has not been clearly 
explained so far. One possible explanation for this phenomenon may be the following. As 
mentioned before the Co2+ ions should be distributed between tetrahedral and octahedral sites 
in pure cobalt ferrite, with the actual site occupancy depending on the details of the 
fabrication process. Thus some of the tetrahedral sites were initially occupied by Co2+ ions. 
Since the radius of Co2+ ions in tetrahedral sites (rIV = 0.038 nm) [37] is small compared to 
that of Ga3+ ions in tetrahedral sites (rIV = 0.047 nm) [37] the lattice parameter should 
increase as the substituted Ga3+ ions replaced the Co2+ ions in tetrahedral sites. After all of 
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the Co2+ ions in tetrahedral sites were replaced by Ga3+ ions then Fe3+ ions would be replaced 
by further substituted Ga3+ ions, whether Ga3+ ions substitute into tetrahedral or octahedral 
sites, which could cause the lattice parameter to decrease with the content of Ga3+ ions. 
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Fig. 12. Observed and calculated x-ray diffraction patterns of CoGa0.6Fe1.4O4. 
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Fig. 13. Lattice parameters of CoGaxFe2-xO4 (where x=0.0 to 0.8). 
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4.1.3. SEM and EDX analysis 
The comparison of target and final compositions of sintered samples is shown in 
Table. III. The final composition was determined from the measurements at more than 5 
different positions in each sample. Scanning electron microscopy (SEM) investigations 
showed that all the sintered samples had a homogeneous microstructure with similar grain 
sizes of the order of 10 μm (Fig. 14) 
 
 
Table III. Target compositions of a series of Ga-substituted cobalt ferrite samples, and the 
final compositions determined by energy-dispersive x-ray spectroscopy (EDX) in an SEM 
 
Final composition by EDX 
Target composition 
Fe Co Ga
CoFe2.0O4 2.05 0.95 —
CoGa0.2Fe1.8O4 1.81 1.00 0.19
CoGa0.4Fe1.6O4 1.55 1.04 0.41
CoGa0.6Fe1.4O4 1.33 0.98 0.69
CoGa0.8Fe1.2O4 1.15 1.04 0.81
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Fig. 14. SEM images of Ga-substituted cobalt ferrites CoGaxFe2-xO4 (where x=0.2 to 0.8). 
 
 54
4.1.4. Curie temperature 
The temperature dependent magnetizations of Ga substituted cobalt ferrite 
CoGaxFe2-xO4 samples are shown in Fig. 15 (a). From the M vs T curves, it was evident that 
the Curie temperature TC was reduced by substitution of Ga for Fe (Fig. 15 (b)). This is 
considered to be due to reduction in exchange interaction caused by Ga substitution. A 
similar effect has been observed when substituting Mn or Cr for Fe in cobalt ferrite [7, 9]. In 
fact, TC decreases at a greater rate with Ga substitution than with Mn or Cr substitution. This 
can perhaps be understood based on the fact that tetrahedral sites have a higher number of 
nearest neighbor cations than octahedral sites (Fig. 7). Thus the change in interaction energy 
caused by substitution at the tetrahedral site may be expected to be larger than at the 
octahedral sites. 
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Fig. 15 (a) Temperature dependent normalized magnetization relative to value of 340 K and 
(b) Curie temperatures TC of CoGaxFe2-xO4 samples as a function of the substituted content x. 
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4.1.5 Hysteresis curve 
Fig. 16 and 17 show the variation in M vs H with gallium content measured at 
various temperatures from 10 K to 400 K. As temperature increased the hysteresis curves for 
all the samples with various gallium contents altogether became softer over the whole range 
of temperatures. Both the magnetic remanence ratio MR/MS and coercive force HC decreased 
with temperature as shown in Fig. 18 (a) and (b) respectively. For a selected temperature 
samples with higher gallium content x showed lower MR/MS and HC except for those at 200 
K. Interestingly the x=0.6 and 0.8 Ga samples showed a local maximum in HC only at this 
selected temperature. The saturation magnetization MS and the absolute magnitude of the 
first-order cubic anisotropy constant ⏐K1⏐ were determined by fitting the hysteresis loops 
based on the law of approach to saturation (see section 2.1.6.2). For the fitting process 
magnetization curves with fields higher than 1 T (796 kA/m) were used for the high 
temperature range above 150 K. For low temperature range below 150 K, only the parts of 
the magnetization curves with higher than 2.5 T (1990 kA/m) were used for the fitting. The 
resultant values of MS and K1 as a function of temperature for the samples with various 
gallium contents are shown in Fig. 15 (c) and (d) respectively. The saturation magnetization 
MS of all samples on a whole decreased as temperature increased. The small increase in MS 
below 150 K with temperature for the pure cobalt ferrite and x=0.2 Ga samples is considered 
due to the fact that even the highest field of 5 T in these measurements could not saturate the 
samples. This can also explain the similar behavior in K1 below 150 K for pure cobalt ferrite 
and that below 50 K for x=0.2 Ga sample. For fixed values of temperature, even though there 
was still existing inaccuracy in values below 150 K due to non-saturation, it looks that x=0.2 
and 0.4 Ga samples showed higher values of MS than pure cobalt ferrite, which is consistent 
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with the expected Ga3+ ion’s preference for tetrahedral sites. For x=0.6 and 0.8 Ga samples 
the values of MS are very close each other comparing with those of x=0.2 and 0.4 Ga samples 
which have much higher values of MS over the whole temperature range. There are two 
possible explanations for this. The first is that as the content of Ga3+ ions increased, Ga3+ ions 
occupied tetrahedral sites up to x=0.4, above which Ga3+ ions started to substitute into 
octahedral sites rather than tetrahedral sites. The other explanation is that the substitution of 
Ga3+ ions changed the exchange interactions among A-A, B-B, and A-B sub-lattices so that 
as the content of Ga3+ ions increased the directions of the magnetic moments in A and B sites 
may have changed.  
The calculated ⏐K1⏐ plotted as a function of temperature also showed very similar 
behavior with MS. Just like the results of MS, the values of K1 of two pairs of x=0.2 and 0.4 
Ga samples and x=0.6 and 0.8 Ga samples were very close to each other respectively, 
however, there existed a big difference in behavior of ⏐K1⏐ with temperature between the 
two pairs. This can be explained by the same interpretation for the results of lattice parameter 
variance with x (Fig. 13), from which abrupt change between the two pairs of samples was 
considered to be related to cations distribution between tetrahedral and octahedral sites. 
Using the same assumption that the substitution of Ga3+ ions on tetrahedral sites up to x=0.4 
causes more of the Co2+ ions to be located at the octahedral sites, the enhanced values of K1 
for the x=0.2 and 0.4 Ga samples can be understood based on the single ion anisotropy theory 
(see section 2.2.3).  
As observed in the HC vs T curves a sudden change in ⏐K1⏐ for the x=0.6 and 0.8 Ga 
samples was observed between 150 K and 200 K. This change in behavior around 200 K was 
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also observed more clearly in the results of magnetostriction measurements. As will be 
discussed in the following chapter this phenomena is considered to be caused by the change 
of sign in K1 around 200 K. Considering the fact that only the absolute magnitude of ⏐K1⏐ 
can be obtained by using law of approach to saturation the abrupt change in ⏐K1⏐ around 
200 K calculated by this method might be an indicative of the change in sign of K1 near that 
temperature. 
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Fig. 16. Magnetization (M) vs magnetic field (H) curves for CoGaxFe2-xO4 samples (where 
x=0.0 to 0.8) measured at 10 K, 50 K, 100 K, and 150 K.
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Fig. 17. Magnetization (M) vs magnetic field (H) curves for CoGaxFe2-xO4 samples (where 
x=0.0 to 0.8) measured at 200 K, 250 K, 300 K, and 400 K. 
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Fig. 18. (a) Magnetic remanence (MR/MS) and (b) coercive field (HC) as a function of 
temperature for CoGaxFe2-xO4 samples (where x=0.0 to 0.8). Temperature dependences of (c) 
the saturation magnetization MS and (d) the absolute magnitude of first-order cubic 
anisotropy constant ⏐K1⏐ were determined by fitting the major hysteresis loops based on the 
law of approach to saturation.  
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4.1.6. Magnetostriction  
For polycrystalline cubic materials with randomly oriented crystallites the saturation 
magnetostriction λS as discussed in section 2.1.7.1 can be expressed by, 
111100s 5
3
5
2 λ+λ=λ  (84) 
assuming that the materials have isotropic elastic properties. Even for the materials with 
isotropic elastic properties this equation is valid only when the materials are in a 
magnetically saturated state. There has been no general formulated equation reported for the 
magnetostriction of non-saturated magnetic state. For the cobalt ferrite based materials, as 
shown previously in the hysteresis loops (Fig. 16 and 17), the anisotropy energy was too 
large to saturate even under the highest magnetic field of μ0H=5 T using our experimental 
equipment. With respect to this it was necessary to create some terminologies to determine 
the magnitudes in magnetostriction of the samples in non-saturated states. Fig. 19 shows the 
magnetostriction (λ) vs magnetic field (H) curve of pure cobalt ferrite CoFe2O4 sample 
measured at 10 K. The values of magnetostriction were determined by selecting the first 
measured data point under zero field (H=0) as the initial state (strain=0). Since the 
magnetostriction even at zero applied magnetic field (H=0) can vary because of the various 
possible domain structures even in the demagnetized state (see section 2.1.7) new 
terminologies were created as λMax, λMin, and λRem, which are indicated by arrows in Fig. 19, 
to quantify the values of magnetostriction conveniently. Using these characteristic values of 
strain it was possible to compare the magnetoelastic properties for different samples.   
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Fig. 19. Magnetostriction (λH) vs magnetic field (H) of cobalt ferrite CoFe2O4 measured at 10 
K. Inset is an enlarged part of the low magnetic fields region. The measured strains were 
plotted with the relative values from the starting data point as zero strain. Data points 
corresponding to the defined terminologies λMax, λMin, and λRem are indicated by arrows. 
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Fig. 20 and 21 show the λH-λMin vs magnetic field (H) curves for CoGaxFe2-xO4 samples 
(where x=0.0 to 0.8) measured at the same temperatures that were selected for hysteresis 
loops measurements. Gallium substitution was found to have a strong effect on 
magnetostriction. Generally the magnitude of magnetostriction decreased with increasing Ga 
content from x=0.2 to 0.8 over the whole range of temperatures. The magnetostriction for 
low values of x (x = 0.0, 0.2 and 0.4) showed negative magnetostriction over the entire 
temperature range, while that of high values of x (x=0.6 and 0.8) showed complicated 
behavior as temperature changes. This is indicative of different signs for the two cubic 
magnetostriction coefficients (λ100 and λ111).  For pure cobalt ferrite it was well known that 
λ100 < 0 and λ111 > 0, and that the absolute magnitude is |λ100| > |λ111| [30]. Positive value of 
K1 for cobalt ferrite have been explained by single ion anisotropy theory (see chapter (2.2.3). 
Therefore the negative magnetostriction for low values of x samples can be understood by 
the same reasoning.  
For x = 0.6 and x = 0.8 samples the signs of the magnetostriction changed with temperature. 
At the low temperature region below 200 K, the slope of magnetostriction dλ/dH changed 
from negative to positive as field increased, which is indicative of positive K1 (<100> easy 
axes) in this temperature range (Fig. 22) assuming that the signs of λ100 and λ111 were not 
changed by the Ga-substitution. At the high temperature range above 200 K, however, the 
slope dλ/dH changed from positive to negative as field increased, which indicates that the 
anisotropy constant K1 changed its sign to be negative so that the <111> directions became 
the easy axes (Fig. 23). These results are consistent with those of magnetization 
measurements, in which there observed a sudden change in HC and K1 around 200 K too 
(Fig. 18).
 63
 
 
-1500 -1000 -500 0 500 1000 1500
-300
-200
-100
0
100
-1500 -1000 -500 0 500 1000 1500
-300
-200
-100
0
100
-1500 -1000 -500 0 500 1000 1500
-300
-200
-100
0
100
-1500 -1000 -500 0 500 1000 1500
-300
-200
-100
0
100
X = 0.8
X = 0.6
X = 0.4
X = 0.2
X = 0.0
(a)10 K
 
 
λ H-
 λ M
in
 (p
pm
)
H (kA/m)
50 K (b)
 
 
λ H-
 λ M
in
 (p
pm
)
H (kA/m)
(c)100 K
 
 
λ H-
 λ M
in
 (p
pm
)
H (kA/m)
150 K (d)
 
 
λ H-
 λ M
in
 (p
pm
)
H (kA/m)
 
Fig. 20. Magnetostriction (λH-λMin) vs magnetic field (H) curves for CoGaxFe2-xO4 samples 
(where x=0.0 to 0.8) measured at 10 K, 50 K, 100 K, and 150 K. 
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Fig. 21. Magnetostriction (λH-λMin) vs magnetic field (H) curves for CoGaxFe2-xO4 samples 
(where x=0.0 to 0.8) measured at 200 K, 250 K, 300 K, and 400 K. 
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With respect to the sensor application λRem should be an important characteristic value 
of materials because the remanence magnetic state should probably be the most useful 
magnetic state of the material in real applications. For this reason, the values of λH-λRem were 
taken from the magnetostriction curves of various Ga contents x and compared to each other 
by plotting those in the same graphs as shown in Fig. 22 and 23. At the temperature range 
below 200 K the maximum magnetostriction was observed in the pure cobalt ferrite (x=0.0), 
however, at temperatures above 200 K the maximum magnetostriction was observed in x=0.2 
Ga sample. Considering that the conventional applications should usually happen at room 
temperature (∼300 K) this enhanced magnitude in magnetostriction by Ga-substitution 
measured at 300 K is a promising result. Moreover, it is worth mentioning the notable result 
that the values of strain derivative d(λH-λRem)/dH, which is one of the most important factors 
in sensor applications (see section 2.3), were also increased by a small amount of Ga-
substitution for Fe (e.g. CoGa0.2Fe1.8O4) at 300 K as shown in Fig. 24 and 25. Similar 
behavior of enhanced strain derivative d(λH-λRem)/dH has been observed in recent studies of 
Mn- and Cr-substituted cobalt ferrites CoMnxFe2-xO4 and CoCrxFe2-xO4 [7, 9]. The systematic 
comparison among these materials will be discussed in the following chapters.  
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Fig. 22. Magnetostriction (λH-λRem) vs magnetic field (H) curves for CoGaxFe2-xO4 samples 
(where x=0.0 to 0.8) measured at 10 K, 50 K, 100 K, and 150 K. 
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Fig. 23. Magnetostriction (λH-λRem) vs magnetic field (H) curves for CoGaxFe2-xO4 samples 
(where x=0.0 to 0.8) measured at 200 K, 250 K, 300 K, and 400 K.
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Fig. 24. Magnetostriction derivatives d(λH-λRem)/dH vs magnetic field (H) curves for 
CoGaxFe2-xO4 samples (where x=0.0 to 0.8) measured at 10 K, 50 K, 100 K, and 150 K. 
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Fig. 25. Magnetostriction derivatives d(λH-λRem)/dH vs magnetic field (H) curves for 
CoGaxFe2-xO4 samples (where x=0.0 to 0.8) measured at 200 K, 250 K, 300 K, and 400 K. 
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In order to investigate the variation in maximum values of (λH – λRem)Max and its derivatives 
[d(λH – λRem)/dH]Max with temperature these values were plotted as a function of temperature 
as shown in Fig. 26 and 27. For low values of x (x = 0.0 and 0.2) the behaviors in                
[λH – λRem]Max were similar to each other over the whole temperature range except for at 
150 K where x=0.2 Ga sample showed abrupt decrease in magnitude. Based on the fact that 
the total magnetostriction is determined by the relative values of λ100 and λ111, and each 
magnitude should have different temperature dependence, it can be deduced that any of these 
two magnetostriction coefficients (or both of them) changed significantly at 150 K. Similar 
behavior was also observed in the maximum slope of magnetostriction as shown in Fig. 27, 
in which the smallest magnitude of 0.9 in  
[d(λH – λRem)/dH]Max was observed at 150 K. In the case of x=0.6 and 0.8 Ga samples both 
samples showed the change in sign of magnetostriction from positive to negative values as 
temperature increased from 200 K to 250 K. Since the magnetostriction curves of these 
samples look saturated in this temperature range (200 K and 250 K) the change in sign of the 
maximum magnetostriction should be due to the change in the magnitude of λ100 and λ111       
- |λ100| <1.5 |λ111| at low temperatures and |λ100| >1.5 |λ111| at high temperatures - because 
equation (84) should be valid in the saturated state for these samples. The temperature 
dependence of [d(λH – λRem)/dH]Max for x=0.6 and 0.8 was not included in Fig. 27 because the 
sign of the slope was changed with field even at fixed temperatures for these samples.  
 
 
 71
0 100 200 300 400
-300
-200
-100
0
100  x=0.0
 x=0.2
 x=0.4
 x=0.6
 x=0.8
 
( λ H
- λ
R
em
) M
ax
 (p
pm
)
Temperature (K)  
Fig. 26. Maximum magnetostriction (λH-λRem)Max of CoGaxFe2-xO4 samples     
(where x=0.0 to 0.8) measured at various temperatures. 
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Fig. 27. Maximum magnetostriction derivatives [d(λH-λRem)/dH]Max of CoGaxFe2-xO4 samples 
(where x=0.0 to 0.8) at various temperatures 
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4.2. Experimental results for Ge-substituted cobalt ferrite 
4.2.1. X-ray diffraction analysis 
The X-ray diffraction patterns of Ge-substituted cobalt ferrite Co1+xGexFe2-2xO4 
(x=0.0, 0.1, 0.2, 0.4, 0.6) samples are shown in Fig. 28, in which it is confirmed that all the 
samples have a cubic spinel structure. The observed and calculated powder diffraction 
patterns of Co1.6Ge0.6Fe0.8O4 are shown in Fig. 29. The lattice parameter of each sample was 
determined by Rietveld refinement based on X-ray diffraction data and the results are shown 
in Fig. 30. Comparing the results with the Ga-substituted cobalt ferrite, which showed a local 
maximum in lattice parameter at x~0.4 (Fig.13), Ge-substituted cobalt ferrite samples 
showed monotonic decrease in lattice parameter as Ge content increase up to x=0.6. This 
indicates, based on the same simple interpretation used for the Ga-series, that substitution of 
Ge4+ ions into tetrahedral sites caused the reduction in lattice parameter because the radius of 
Ge4+ ions in tetrahedral sites (rIV = 0.039 nm) [37] is small compared with that of Fe3+ (rIV= 
0.049 nm) [37] in tetrahedral sites. 
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Fig. 28. X-ray diffraction patterns of Ga-substituted cobalt ferrites Co1+xGexFe2-2xO4  
(where x = 0.0 to 0.6) 
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Fig. 29. Observed and calculated x-ray diffraction patterns of Co1.6Ge0.6Fe0.8O4. 
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Fig. 30. Lattice parameters of Co1+xGexFe2-2xO4 (where x = 0.0 to 0.6). 
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4.2.2. SEM and EDX analysis 
The comparison of target and final compositions of sintered samples is shown in 
Table. II. Scanning electron microscopy (SEM) investigations showed that all the sintered 
samples had a homogeneous microstructure with similar grain sizes of the order of 10 μm 
(Fig. 31.) 
 
 
Table IV. Target compositions of a series of Ge-substituted cobalt ferrite samples, and the 
actual final compositions determined by energy-dispersive x-ray spectroscopy (EDX) in an 
SEM. 
 
Final composition by EDX 
Target composition 
Fe Co Ge
CoFe2.0O4 2.05 0.95 —
Co1.1Ge0.1Fe1.8O4 1.77 1.11 0.12
Co1.2Ge0.2Fe1.6O4 1.57 1.21 0.22
Co1.3Ge0.3Fe1.4O4 1.29 1.33 0.38
Co1.4Ge0.4Fe1.2O4 1.10 1.43 0.47
Co1.6Ge0.6Fe0.8O4 0.70 1.63 0.67
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Fig. 31. SEM images of Ge-substituted cobalt ferrites Co1+xGexFe2-2xO4 (where x=0.0 to 0.6) 
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4.2.3. Curie temperature 
The temperature dependent magnetizations of Ge substituted cobalt ferrite samples, 
Co1+xGexFe2-2xO4, are shown in Fig. 32. From the M vs T curves, it was evident that the 
Curie temperature TC was reduced by substitution of Ge for Fe, which is a similar result to 
that observed in the Ga-series (Fig. 15). This is considered to be due to reduction in exchange 
interaction caused by Ge substitution.  
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Fig. 32 (a) Temperature dependent normalized magnetization relative to value of 340 K for 
Co1+xGexFe2-2xO4 samples (where x=0.0 to 0.6) (b) Curie temperatures TC of        
Co1+xGexFe2-2xO4 (where x = 0.0 to 0.6) as a function of the substituted content x. 
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4.2.4 Hysteresis curve 
Fig. 33 shows the variation in M vs H and coercive force HC with germanium 
content measured at room temperature. Compared with M vs T of pure cobalt ferrite, those of 
Ge-substituted cobalt ferrites show softer magnetic behavior (lower HC) as the germanium 
content increases from x=0.1 to 0.6.  
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Fig. 33. Normalized magnetization (M) vs magnetic field (H) curves measured at room    
temperature for Co1+xGexFe2-2xO4 samples (where x=0.0 to 0.6). Inset: Coercive field (HC) 
versus germanium content x. 
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4.2.5. Magnetostriction 
Fig. 34 shows show the λH-λRem vs magnetic field (H) curves for Co1+xGexFe2-2xO4 
samples (where x=0.0 to 0.6) measured at room temperature. As shown in Fig. 34 the 
magnitude of magnetostriction decreased with increasing Ge content for x up to 0.6, which is 
similar with the results of Ga-series measured at 300 K (Fig. 23). While the magnitude of 
magnetostriction monotonically decreased with Ge content x, the magnitude of maximum 
strain derivative [d(λH-λRem)/dH]max significantly increased for all the samples with Ge 
content from 0.1 to 0.6 as shown in Fig. 35. Compared with Ga-series (Fig. 24 and 25), Ge-
substituted cobalt ferrite shows much higher magnitude of [d(λH-λRem)/dH]max 5.7×10-6 A-9m 
which is the highest value among recently reported cobalt ferrite based materials. In the case 
of Ga-series, x=0.6 and 0.8 Ga samples showed a change in sign of magnetostriction from 
positive to negative values as field increased at 300 K, which should be an indicative of 
negative K1. On the other hand, for Ge-series, there was no change in sign of 
magnetostriction even for the sample with the highest value of Ge content of x=0.6. 
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Fig. 34. Magnetostriction (λH-λRem) vs magnetic field (H) curves for Co1+xGexFe2-2xO4 
samples (where x=0.0 to 0.6) measured at room temperature. 
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Fig. 35. Magnetostriction derivatives d(λH-λRem)/dH vs magnetic field (H) curves for 
Co1+xGexFe2-2xO4 samples (where x=0.0 to 0.6) measured at room temperature. 
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4.2.6. Domain images 
 Fig. 36 and 37 show the surface magnetic domain images of Co1.33Ga0.38Fe1.29O4 
observed by Kerr effect microscopy and scanning probe magnetic force microscopy for large 
(300 μm x 300 μm) and small (40 μm x 40 μm) areas respectively. As shown in these figures 
various patterns and sizes of domains were observed at different locations on the surface, 
which usually occurs for polycrystalline magnetic materials with high magnetic anisotropy 
energy because the distribution of easy axes near the surface should be determined by the 
distribution in orientations of crystallites. Moreover, various external effects such as residual 
stresses, could be influencing the surface domain structure. For these reasons, investigating 
intrinsic domain structure should be done with single crystal samples with high quality.  
 
 
Fig. 36. Surface magnetic domain image of Co1.33Ga0.38Fe1.29O4 observed by Kerr effect 
microscope. 
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Fig. 37. Surface magnetic domain image of Co1.33Ga0.38Fe1.29O4 observed by scanning probe 
magnetic force microscope (MFM). 
 
4.3 Comparison of experimental results of Mn-, Cr-, Ga-, and Ge-substituted cobalt 
ferrites 
4.3.1 Lattice parameter 
 Composition dependent lattice parameters of Mn-, Cr-, Ga-, Ge-substituted cobalt 
ferrites were determined by Rietveld refinement based on X-ray diffraction data, which is 
shown in Fig. 38. In order to compare the relative sizes of cations included in these ferrite 
materials the effective radii of Cr, Mn, Fe, Co, Ga, and Ge ions at various conditions are 
listed in Table. V [37]. Supposing that all the magnetic elements have high spin state, the 
relative ionic sizes at the two possible interstitial sites in spinel structure are given by, 
Tetrahedral site: Co2+<Ge4+<Ga3+<Fe3+<Fe2+<Mn2+ 
Octahedral site: Ge4+<Co3+<Cr3+<Ga3+<Mn3+, Fe3+<Co2+<Fe2+<Cr2+<Mn2+<Ga2+. 
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For Ga- and Ge-substituted cobalt ferrites the reduction in lattice parameter with substitution 
content x can be understood by the smaller ionic sizes of Ga3+ and Ge4+ ions than Fe3+ ions in 
tetrahedral sites because these two ions are known to prefer tetrahedral site [11, 12]. 
However, in the case of Cr- and Mn- substituted cobalt ferrites, the behavior in lattice 
parameter with x can not be clearly understood. According to the relative ionic sizes in Table 
III, the size of Cr3+ ion is smaller than that of Mn3+ ion thus the lattice parameter of Cr-
substituted cobalt ferrite was expected to be higher than that of Mn-substituted cobalt ferrite 
because both cations are known to prefer octahedral site [11]. Various possible hypotheses 
can be made to explain this phenomenon, such as existence of mixed valences in Cr or Mn 
ions, however, additional data need to be obtained for this analysis. 
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Fig. 38. Lattice parameters of CoMxFe2-xO4 (M=Mn, Cr, Ga) and Co1+xGexFe2-2xO4 samples 
with various cation contents. 
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Table V. Effective ionic radii of some elements in 4th period. Effective ionic radii are based 
on the assumption that the ionic radii of O2- (CN6) is 1.4 Å and that of F- (CN6) is 1.33 Å 
[37]. 
 
 Condition Radius (Å)
Octahedral site, low spin 0.73Cr2+ 
Octahedral site, high spin 0.80
Cr3+ Octahedral site 0.615
Tetrahedral site, high spin 0.66
Octahedral site, low spin 0.67Mn2+ 
Octahedral site, high spin 0.83
Octahedral site, low spin 0.58
Mn3+ 
Octahedral site, high spin 0.645
Tetrahedral site, high spin 0.63
Octahedral site, low spin 0.61Fe2+ 
Octahedral site, high spin 0.78
Tetrahedral site, high spin 0.49
Octahedral site, low spin 0.55Fe3+ 
Octahedral site, high spin 0.645
Tetrahedral site 0.38
Octahedral site, low spin 0.65Co2+ 
Octahedral site, high spin 0.745
Octahedral site, low spin 0.545
Co3+ 
Octahedral site, high spin 0.61
Ga2+ Octahedral site 1.20
Tetrahedral site 0.47
Ga3+ 
Octahedral site 0.62
Tetrahedral site 0.39
Ge4+ 
Octahedral site 0.53
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4.3.2 Curie temperature 
The variation in Curie temperature TC of Mn-, Cr-, Ga-, and Ge-substituted cobalt 
ferrite samples, CoMnxFe2-xO4, CoCrxFe2-xO4, CoGaxFe2-xO4, Co1+xGexFe2-2xO4 with 
substituted content x are shown in Fig. 39. From the graph, it is evident that the Curie 
temperature TC was reduced by substitution of any of the four elements of Mn, Cr, Ga, and 
Ge for Fe. This is considered to be due to reduction in exchange interaction caused by the 
substitution. In fact, TC decreased at the greatest rate with Ge substitution compared with 
those of Ga, Cr, and Mn substitutions, which are listed in the order of decreasing rate. This 
can be understood based on the fact that Ge and Ga prefer tetrahedral sites while Cr and Mn 
prefer octahedral sites, and that tetrahedral sites have a higher number of nearest neighbor 
cations than octahedral sites (Fig. 7). If the exchange interaction energy is mainly determined 
by the number of nearest neighbor exchange interactions then the change in interaction 
energy caused by substitution at the tetrahedral site should be larger than at the octahedral 
sites. 
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Fig. 39. Curie temperatures TC of CoMnxFe2-xO4, CoCrxFe2-xO4, CoGaxFe2-xO4 and 
Co1+xGexFe2-2xO4 samples (where x = 0.0 to 0.8) as a function of the substituted content x. 
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4.3.3 Hysteresis curves 
Fig. 40 shows the variation in M vs H with substitution content x of CoMnxFe2-xO4, 
CoCrxFe2-xO4, CoGaxFe2-xO4 and Co1+xGexFe2-2xO4 samples measured at room temperature.  
The general behavior was that as substitution content x increased the magnetization curves 
became magnetically softer for all samples. In order to compare the rate in magnetic softness 
among the samples coercive fields HC for each series of samples were plotted as shown in 
Fig. 41. This result is considered to be due to the reduction in anisotropy energy, which 
should also influence the coercive field HC. As shown in Fig. 41, the greatest rate in 
reduction of HC with x was observed in the Ge-series. It should be mentioned that similar 
behavior was observed in TC measurements (Fig. 39), which indicates that Ge-substitution 
was more efficient in reducing both the exchange interaction and anisotropy energies than the 
other three elements substitutions. For the Mn-series, which had been fabricated several years 
ago, each composition of sample was not fabricated under the same condition because the 
optimum condition for the fabrication process, such as sintering temperature or time, were 
not known at that time. Thus the coercive fields of Mn-series samples might be affected by 
the different fabrication processes used for different samples.  In the case of the other three 
series, however, all the samples were fabricated under the same conditions and procedures. 
Therefore the differences in behavior of coercive field for these samples can be interpreted as 
due to intrinsic reasons.  
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Fig. 40. Magnetization (M) vs magnetic field (H) curves for CoMnxFe2-xO4, CoCrxFe2-xO4, 
CoGaxFe2-xO4 and Co1+xGexFe2-2xO4 samples (where x = 0.0 to 0.8) as a function of the 
substituted content x measured at room temperature.
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Fig. 41. Coercive fields HC of CoMnxFe2-xO4, CoCrxFe2-xO4, CoGaxFe2-xO4 and   
Co1+xGexFe2-2xO4 samples (where x = 0.0 to 0.8) as a function of the substituted content x 
measured at room temperature. 
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4.3.4 Magnetostriction 
 For reversible processes under small applied field and stress there is a thermodynamic 
relationship which relates (dλ/dH)σ to the stress sensitivity of induction (dB/dσ)H  
(see section 2.3). The strain derivative can therefore be used as a predictor of the stress 
sensitivity of magnetic induction to stress or torque when selecting materials for stress or 
torque sensor applications. In this respect, the strain derivatives d(λH-λRem)/dH for  
CoMnxFe2-xO4, CoCrxFe2-xO4, CoGaxFe2-xO4 and Co1+xGexFe2-2xO4 samples                   
(where x = 0.0 to 0.8) measured at room temperature were compared as shown in Fig. 42. 
Generally the maximum magnitude in the strain derivative decreased as the substitution 
content x increased except for the Cr-series, which showed maximum slope of                    
2.2 × 10-9 A-1m at x=0.4 Cr sample. Among all the samples investigated, the maximum 
magnitude magnitude of [d(λH-λRem)/dH]Max 5.7×10-9 A-1m was observed in the x=0.1 Ge 
sample, which is the highest value among recently reported cobalt ferrite based materials. For 
Mn- and Ga-series, the maximum magnitudes of 2.7×10-9 A-1m and 2.8×10-9 A-1m were 
observed in x=0.2 Mn and Ga samples respectively. Actually the value of strain derivative 
was different for the two cases of magnetostriction curves; when H was increasing and 
decreasing. The calculated strain derivatives shown in Fig. 42 were obtained from the latter 
case.  
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Fig. 42. Comparison in magnetostriction derivatives d(λH-λRem)/dH vs magnetic field (H) 
curves for CoMnxFe2-xO4, CoCrxFe2-xO4, CoGaxFe2-xO4 and Co1+xGexFe2-2xO4 samples 
(where x = 0.0 to 0.8) measured at room temperature. 
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5. CONCLUSIONS 
 
The magnetic and magnetoelastic properties of a series of Ga- and Ge-substituted 
cobalt ferrites have been investigated and the results showed that by such substitutions it is 
possible to control the magnetic and magnetoelastic properties of the materials over a wide 
range. Substitution of Ga and Ge for Fe was found to decrease the Curie temperature at a 
greater rate than Mn or Cr substitution, which is consistent with the assumption that Ga3+ and 
Ge4+ ions prefer the tetrahedral sites (number of nearest neighbor cations = 12), whereas 
Mn3+ and Cr3+ prefer the octahedral sites (number of nearest neighbor cations = 6). The room 
temperature hysteresis curves were more easily changed to lower coercivity by Ga or Ge 
substitution than Mn or Cr substitution, which indicates that the anisotropy energy decreased 
more rapidly by Ga or Ge substitution than by Mn or Cr substitution.  
The absolute magnitude of the first-order cubic anisotropy constant ⏐K1⏐ for Ga-
substituted cobalt ferrites decreased as temperature increased, especially at the temperature 
range around 150-200 K there being an abrupt change in ⏐K1⏐. Similar behavior was 
observed at that temperature range in magnetostriction curves. There was also a rapid change 
in the maximum magnetostriction [λH-λRem]Max and  maximum magnetostriction derivatives 
[d(λH-λRem)/dH]Max around 150-200 K, which was not observed in pure cobalt ferrite. More 
evidence was observed in the slope of magnetostriction with magnetic field dλ/dH for the 
high content of x=0.6 and 0.8 Ga samples; dλ/dH changed from negative to positive as field 
increased for the temperature range below 200 K, while dλ/dH changed from positive to 
negative as magnetic field increased for the temperature range above 200 K. Based on these 
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results, it is considered that there was a change in sign of anisotropy constant K1 at around 
200 K for Ga-substituted cobalt ferrites. 
At room temperature, the maximum magnitude of magnetostriction of Ga- and Ge-
substituted cobalt ferrites decreased at about the same rate as was observed with Cr-
substitution, however, the maximum strain derivative (dλ/dH)max of 5.7×10-9 A-1m  for the x = 
0.1 Ge sample, and 2.8×10-9 A-1m  for the x = 0.2 Ga sample were greater than any of the 
Mn- or Cr-substituted samples. This enhanced (dλ/dH)max implies high stress sensitivity, 
which suggests that adjusting Ge or Ga content substituted into cobalt ferrite can be a 
promising route for controlling critical magnetic properties in sensor applications. For 
comparison between Ga- and Ge-substituted cobalt ferrites, both Ga3+ and Ge4+ ions are 
known to prefer tetrahedral sites, the higher ionic valence of Ge4+ ions seems to increase the 
magnetoelastic coupling between the magnetic ions and the lattice more than Ga3+ ions. 
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